Self-assembled Au nanoparticles in SiO 2 by ion implantation and wet oxidation I. INTRODUCTION
Metallic nanoparticles embedded in a dielectric matrix have been shown to possess some interesting optical, electrical, and magnetic properties that substantially differ from those in the bulk. Such property differences arise principally from the small size of the particles and associated quantum confinement effects. For decades, there has been intense interest in Au nanoparticles, whose fast nonlinear optical response and surface plasmon resonance 1 have facilitated novel devices and applications including an optical switch, molecular detectors, and biosensors. 2 In addition, Au is commonly used for contacts and interconnects in many Si-based electronic devices. Hence, a thorough understanding of Au-Si and Au-SiO 2 interactions especially near the surfaces and interfaces are essential.
Among the different processing techniques [3] [4] [5] [6] [7] used in an attempt to synthesize nanoparticles of uniform size, shape, and depth distribution, ion implantation provides an attractive method of fabricating metal nanoparticles in solids due in part to the spatial controllability. However, subsequent annealing after the implantation promotes Ostwald ripening and associated particle growth, thus creating a wide size distribution of particles. Hence, novel methods to achieve a narrow size distribution are needed. Earlier observations on the preferential agglomeration or gettering of metal impurities in Si have shown that metal precipitation in preformed nanocavities of narrow size distribution may be an alternative way to achieve this aim. Nanocavities, also known as nanovoids, are stable vacancy clusters originating from He ͑Ref. 8͒ or H ͑Ref. 9͒ ion implantation followed by high temperature annealing. These cavities have been reported to be faceted in Si and act as effective traps for Au impurities. 10 Recently, we showed that H-implantation-induced cavities can be formed within the top Si layer of a silicon-oninsulator ͑SOI͒ wafer, whereby precipitation at such cavities leads to the formation of Au precipitates with a rather tight and controlled size distribution. 11 A subsequent wet oxidation was furthermore employed to segregate an array of Au nanoparticles and finally embed them within the SiO 2 . The question is as follows: are the same techniques applicable to form cavities and then Au precipitates directly within SiO 2 ?
In this paper, we have investigated various implantation methods for obtaining a narrow size and depth distribution of Au in SiO 2 . In particular, ͑1͒ we have attempted to form cavities and Au decoration directly in SiO 2 ; ͑2͒ we have formed Au precipitates in Si wafers with or without cavities using different implant/annealing schemes to minimize Ostwald ripening, and then oxidized the Si to embed the Au in SiO 2 . The samples were characterized by Rutherford backscattering spectrometry ͑RBS͒, transmission electron microscopy ͑TEM͒, and energy-dispersive x-ray analysis. Results have indicated a range of intriguing Au precipitation, segregation, dissolution, wetting and growth phenomena, along with the ability to somewhat control Au precipitate size distribution and depth distribution within SiO 2 .
II. EXPERIMENTAL PROCEDURE
The experimental conditions of the main samples prepared for this study are summarized in Table I , where the processing steps proceed from the left column to the right column. In preparation of sample A, p-type ͑001͒ Si wafers were initially oxidized at 900°C for 6 h in a conventional furnace tube to form a SiO 2 layer of about 400 nm thick. A selection of both pre-oxidized Si and SOI wafers from SOI-TEC with 180 nm of p-type Si on top of 200 nm of a buried oxide ͑BOX͒ was irradiated with 10 keV H − to a fluence of 3 ϫ 10 16 cm −2 at room temperature. The samples were either conventionally tilted ͑7°͒ to minimize channeling or especially tilted ͑60°͒ away from normal beam incidence to reduce the projected range of the implanted ion ͑R p ͒. Monte Carlo TRIM simulations 12 suggest the R p of H ions for the two tilt angles to be around 130 and 75 nm in Si and 150 and 85 nm in SiO 2 , respectively. Following the implantation, a 1 h heat treatment at 850°C was performed in Ar flow in an attempt to create a well defined band of nanocavities located in the proximity of R p of H. Au was later introduced into the samples at a mean depth of about 25 nm from the surface by implantation with an energy of 40 keV and a dose of 8 ϫ 10 14 cm −2 . A postimplantation annealing was conducted in Ar flow for all the samples at 900°C for 30 min in a conventional quartz tube. Another equivalent set of samples was not implanted with H and a subsequent annealing but followed all other processing steps as above. An additional Si implantation ͑not available in Table I͒ was carried out in some specific cases with an ion energy of 300 keV ͑R p Ϸ 400 nm͒ at room temperature to the dose of 2 ϫ 10 16 cm −2 . According to FASTRIM ͑Ref. 13͒ simulations, the latter Si implantation conditions generate a peak concentration of excess interstitials beyond the R p , while the peak concentration of excess vacancies is within the R p and essentially close to R p / 2. Finally, the samples were selectively wet oxidized for up to 6 h at 900°C in water vapor flow. It should be noted here that the reason for having a separate postimplantation annealing before wet oxidation is to avoid the possibility of competing recrystallization, decoration and oxidation processes. 14 The depth profiles of Au were extracted from RBS spectra using the SIMNRA ͑Ref. 15͒ code for selected samples. Cross-sectional TEM ͑XTEM͒ specimens were prepared by cleaving, gluing, mechanical polishing, and final thinning to electron transparency by Ar milling. Mechanical polishing and chemical etching were used to prepare plan view TEM ͑PTEM͒ samples. TEM was performed using a Philips CM300 instrument operated at 300 kV to examine the microstructure of the samples.
III. RESULTS AND DISCUSSION

A. Implantation into SiO 2
Figure 1͑a͒ shows a random RBS spectrum of sample A prepared as per Table I . We note that both H and Au implant ranges are well within the oxide layer, with the R p of 40 keV Au at 25 nm and the R p of 10 keV H at 150 nm. In this case, the RBS analysis shows all the Au at the depth around 25 nm. The result is in good agreement with the XTEM image shown in the inset of Figs. 1͑a͒ and 1͑c͒, where a band of Au clusters spreads from Ϸ20-40 nm below the surface. The shape of Au precipitates is not well defined; therefore, the average size is difficult to quantify. However, they are generally less than Ϸ5 nm in diameter with a broad size distribution as expected. 16 We attribute the agglomeration of Au particles to the local supersaturation of Au in the implanted region and the very low diffusivity of Au in SiO 2 . 17 From Fig. 1͑b͒ , we can also see that, although H is implanted and a subsequent annealing is performed, no cavities are observed in SiO 2 as would occur in Si. Indeed, we do not observe H-formed cavities in SiO 2 following implantation or annealing under a range of conditions ͑not shown͒. This is consistent with the results reported in the study of inert gas implantation in SiO 2 , 18 where the formation of implantationinduced cavities is only observed when heavy noble gas species such as Kr and Xe are implanted. Ntsoenzok et al. also demonstrated that He or Ne implantation-induced cavities cannot be formed within SiO 2 , regardless of implantation temperature and attributed the lack of cavities to the high mobility of the gas atoms in SiO 2 . We believe the same is true for H implantation. Thus, the attempt to form H-implantation-induced cavities in SiO 2 and fill them with Au was unsuccessful. We, therefore, pursued an alternative approach by first filling the cavities in the top Si layer ͑de-vice layer͒ of a SOI wafer with Au and then wet oxidizing the structure in an attempt to embed Au in SiO 2 .
B. Implantation into Si "on insulator…
A second series of experiments to obtain Au precipitates in SiO 2 used implantation into Si overlayer and annealing of a SOITEC wafer prior to oxidation ͑see Table I͒ . Cavities are formed within the device layer as a consequence of 10 keV H implantation, whose R p is around 130 nm, and thermal annealing at 850°C for 30 min. The XTEM image in Fig.  2͑a͒ shows the cross-sectional structure of sample B as per Table I . In this case, the Au was found to decorate cavity walls and then precipitate within the Si layer as a result of the gettering process. 10 Faceted cavities and Au precipitates are only observed in Si both at the interface and in the vicinity of the BOX layer. Indeed, these cavities and precipitates appear at a depth corresponding closely to the range of 10 keV H R p Ϯ ␦R p , where ␦R p represents the straggling of the H ions ͑Ϸ40 nm͒. The result ͑cavities in Si but not observed in SiO 2 ͒ is consistent with our previous finding that formation of H-implantation-induced cavities is impossible within SiO 2 .
In Si, implantation-induced voids or nanocavities usually have a hexagonal shape and show faceting along the ͕111͖ planes and the ͕001͖ planes, whereas the voids at the buried SiO 2 -Si interface have similar faceting in the Si but are truncated on the ͑00-1͒ plane at the front interface of the buried SiO 2 , thus giving rise to a trapezoidal shape. Such a structure is presumably a result of cavity formation too close to the BOX layer. Generally, gettering of Au to hexagonalshaped nanocavities results in Au decoration of cavity walls and ultimately leads to the formation of spherical or nearly spherical Au precipitates ͑i.e., entirely filled cavities͒ provided that a sufficient amount of Au is supplied. The process has been previously studied extensively and found to be in pseudoequilibrium. 19 However, at the oxide interface, where the cavities ͑effective sinks͒ are of trapezoidal shape, they usually exhibit, in cross section, a semispherical or an islandlike shape possibly due to a combination of gettering and preferential wetting processes of Au on the SiO 2 interface. From Fig. 2͑a͒ , the average lateral dimension of Au nanoislands at the Si-BOX interface is around 20 nm across with a height of less than 10 nm, while the average diameter of spherical precipitates in Si is about 15 nm. Sample C was processed under the same conditions as sample B except that the H implantation was performed at 60°angle. By increasing the incident angle of the H ions from 7°to 60°, the R p can be reduced by about a factor of 2. A typical XTEM image of sample C, as illustrated in Fig.  2͑b͒ , shows the presence of both Au precipitates and empty faceted voids ͑inset͒ in the superficial Si layer, with the majority of cavities and precipitates observed in the middle of the layer ͑at a depth of Ϸ75 nm͒. A small fraction of Au was also found wetting both the surface ͑oxide͒ and the buried SiO 2 -Si boundary, suggesting that the Si-SiO 2 interface may be a preferential nucleation site for Au. However, an extensive study would be required to fully assess the relative gettering efficiency of Au to nanocavities compared with an oxide layer. The results from TEM analysis and RBS ͑Ref. 11͒ are qualitatively in good agreement.
In the absence of preformed cavities, the implanted Au is entirely segregated to the surface ͑actually lying behind the surface oxide͒ during annealing by solid phase epitaxial growth of the amorphous surface layer which formed during the Au implantation. 10 Figure 2͑c͒ portrays a ͓004͔ two-beam bright field XTEM image of such a sample ͑sample I as detailed in Table I͒ that shows Au preferentially precipitated at the surface oxide-Si interface. This location of Au after annealing is consistent with RBS data ͑not shown͒. We attribute the surface oxide layer to a contribution of a native oxide film and unintentional oxidation during the postannealing process, and possibly as a result of Au-enhanced oxidation as we discuss later. A similar Au-Si structure has alternatively been demonstrated by thermal evaporation of Au onto a p-type ͑100͒ Si substrate followed by thermal annealing.
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C. Encapsulation of Au precipitates in SiO 2
Subsequent wet oxidation was employed to confine Au precipitates ͑initially in Si͒ within the SiO 2 . Several samples ͑D, E, F, G, J, K, L, and M͒ were prepared as described in Table I . In this section, we report on progressive oxidation of the top Si layer that was carried out in order to ascertain the evolution of Au precipitates following partial oxidation. The comparison between the results for the samples with and without gettering of Au to cavities is interesting. Control experiments ͑without H implantation͒ were therefore processed side by side with cavity samples.
The cross-sectional microstructures of the samples with cavities ͑left column͒ and without cavities ͑right column͒ after wet oxidation are shown in Fig. 3 . To aid the reader, each TEM image is labeled with the sample identification ͑as used in Table I͒ at the top-right corner. Since the thickness of the BOX layer is relatively constant throughout the process, the BOX front boundaries of the experimental and control samples are used as reference interfaces and therefore vertically aligned in the figure. In the absence of cavities, as the oxidation progresses, the thickness of the oxide layer increases, segregating all the Au particles behind the thermal SiO 2 -Si interface. This is shown in the XTEM images of Figs. 3͑e͒ and 3͑f͒, where these control samples have been subjected to wet oxidation at 900°C for up to 1 h. Also shown in these figures is the effect of Au-enhanced oxidation, where protrusion of the oxide into the unoxidized Si layer is observed close to Au particles. Further details on Au-enhanced oxidation will be elaborated Sec. III D. In comparison, Au precipitates initially formed at the cavities do not induce such protrusions. A smooth thermal SiO 2 -Si interface as can be expected from oxidizing a virgin Si wafer is observed ͓see Figs. 3͑a͒ and 3͑b͔͒ . In addition, the mean size and shape of these precipitates in Si are reasonably maintained during oxidation. It should be noted at this stage that a few Au decorated ͑empty͒ cavities are still visible.
After 2 h oxidation, the growing oxide interface proceeds to the depth of the cavity band ͓Fig. 3͑c͔͒ and the cavities are no longer observed. It is interesting to see that most of the Au precipitates in sample F are transferred to the front interface of the BOX layer as observed from the XTEM images provided in Fig. 3͑c͒ . We previously observed this effect in both TEM and RBS spectra 11 for a single oxidation beyond the cavity band. Sample L, the corresponding control sample, on the other hand, reveals that a large amount of Au precipitates still segregated behind the thermal SiO 2 -Si layer, which may indicate that once Au particles are segregated at the thermal oxide-Si interface, they remain segregated under extended oxidation, as shown in Fig. 3͑g͒ . We also note here that the thicker thermal oxide layer ͑i.e., thinner sandwiched Si͒ of sample L could be due partly to the effect of Au-enhanced oxidation. From TEM analysis, a smaller fraction of Au is relocated to the BOX boundary for the control ͑L͒ compared to the equivalent sample with cavities ͑F͒. Thus, comparisons of the experimental and control samples after wet oxidation for up to 2 h imply that the Au precipitates originally at the surface are segregated at the oxidizing interface, whereas those at the cavity band are mostly relocated to the Si-BOX interface. We ascribe this behavior of Au to the role of Si interstitials known to be injected into the underlying Si layer from the thermal oxidation process, 20 as we have suggested previously. 11 Presum- ably, the nanocavities and Au precipitates are strongly preferred trapping sites for excess Si interstitials. The number of Si interstitials liberated from wet oxidation can be estimated by using the cavities as an internal interstitial counter 21 to be about 1.8ϫ 10 15 Si cm −2 for an oxidation time between 1 and 2 h. We have previously indicated 12 that such a Si interstitial flux is sufficient to dissolve Au precipitates at cavities in our experiments. A more detailed discussion of this behavior is given later.
Further oxidation results in continued segregation and Ostwald ripening of Au precipitates at the original BOX interface for both cavity-containing samples and samples without cavities. Figures 3͑d͒ and 3͑h͒ show typical crosssectional structures after wet oxidizing samples C and I, respectively, for 4 h. Both cavity and control samples ͑G and M͒ are similar, indicating that the size and shape of Au precipitates are no longer controlled by the original cavity sizes as pointed out earlier. 11 The final Au precipitates amalgamate in a spherical shape to minimize the surface energy along the original front interface of the BOX layer. Due to the Ostwald ripening, the average particle size is found to be around 30 nm, which is significantly larger than that measured before wet oxidation ͑Ϸ15 nm͒. XTEM analysis also reveals a very small amount of Si ͑unable to be resolved by RBS͒ that has not yet been oxidized and is sandwiched in between the two oxide layers along the line of Au precipitates ͓see Figs. 3͑d͒ and 3͑h͔͒. These results suggest that slightly over 4 h of wet oxidation at 900°C is sufficient to completely trap the Au precipitates in a continuous SiO 2 matrix. In order to demonstrate this, we oxidized the samples for 6 h.
After 6 h wet oxidation, the RBS ͑Ref. 11͒ and TEM images of Figs. 4͑a͒ and 4͑b͒ show that the top Si layers of both experimental ͑sample H͒ and control ͑sample N͒ samples, respectively, are now completely oxidized and continuous with the BOX. No part of the top Si layer has been left unoxidized. The precipitates are successfully confined within a single SiO 2 layer. The excessive oxidation results primarily in a thicker oxide layer. Overall, the structures of both samples are qualitatively identical in terms of precipitate depth and shape, suggesting that an array of Au particles confined within the SiO 2 matrix can be achieved independently of the Au gettering step. Indeed, all of the Au precipitates line up at the original front interface of the BOX layer. However, the average sizes of Au precipitates measured from both samples are statistically different. In particular, the average size and the standard deviation of the embedded Au precipitates in the cavity-containing sample ͑sample H͒ are around 30 and 12 nm, respectively, with the size distribution skewed toward the smaller values ͓see Fig. 4͑d͔͒ . The average areal density was determined from PTEM images ͑not shown͒ to be around 5.17 m −2 . The mean value of Au precipitate size in the control sample ͑sample N͒ was found to be about 40 nm with the standard deviation of Ϸ17 nm and the average density of the Au precipitates deduced from PTEM images ͑not shown͒ is Ϸ4.21 m −2 ͓see Fig. 4͑d͔͒ . Essentially, without cavities, the size of Au precipitates is marginally larger, and their density is slightly lower. We interpret this observation to the trapping of Si interstitials in nanocavities with a tight size distribution tailored by H implantation. Indeed, we have further conducted a special set of experiments to provide further insight into the effect of Si interstitials on Au precipitate dissolution. Specifically, vacancies were introduced to the top Si layer by 300 keV Si implantation to a dose of 2 ϫ 10 16 cm −2 prior to the 6 h wet oxidation. Such an implantation condition generates excess vacancies from the surface up to about 380 nm and excess interstitials beyond the R p ͑well beyond the BOX layer͒, 13 surface Au precipitate band and therefore Si interstitials from this implant do not influence the subsequent behavior in the Si overlayer. Although we may not have completely stopped the dissolution of Au precipitates, the size of the final Au precipitates in SiO 2 is closer to those in cavities in Si and the size distribution is narrower ͓see Figs. 4͑c͒ and 4͑d͔͒ . Thus, we suggest that the injected vacancies have provided preferential traps for the Si interstitials liberated during oxidation and reduce their trapping at and dissolution of Au precipitates at cavities. Finally, a comparison of the precipitate size observed in the three different cases ͑with cavities, without cavities, and with cavities plus high dose Si implantation͒ is presented in Fig. 4͑d͒ and clearly the injection of excess vacancies into Si prior to oxidation reduces the final size and size distribution of Au precipitates as expected.
The choice of particle shape and size ͑typically larger than 2 nm in diameter͒ 22 depends on the type of application, and hence it is important to be able to control or retain the size, the size distribution, and consequently the density of Au precipitates at cavities. This can be achieved by minimizing the effects of Si interstitial flux on Au dissolution and Ostwald ripening using, for example, the proposed method of vacancy injection. However, the damage generated in Si by high-dose implantation may be undesirable from the application point of view. An alternative approach may be to trap the liberated Si interstitials with substitutional carbon. 23 In addition, oxidizing the structure at lower temperature over a shorter period is expected to reduce the dissolution and reprecipitation of Au nanoparticles and hence this approach may be preferable.
D. Au and Au-induced nanostructures by wet oxidation
From a number of processed samples, we have observed interesting enhanced oxidation and Au-SiO 2 wetting phenomena that are worthy of further examination. Figure 5 shows a typical XTEM image around a Au precipitate that exhibits Au-enhanced oxidation. In this region, the sample is very thin such that the contrast around the oxide close to the Au precipitate is not affected by the strain in the surrounding crystalline Si. The region of enhanced oxidation is clearly observed to extend out from a Au precipitate at the thermal oxide-Si interface. The average size of such Au precipitates at the thermal oxide-Si interface is about 40 nm across with a height of around 30 nm. The region of enhanced oxidation ͑see Fig. 5͒ typically extends beyond the contact area of the Au precipitate on the interface. A similar phenomenon of Au-enhanced oxidation has been earlier reported for the oxidation of Si with Au covered surfaces. 24 We suggest that the enhanced oxidation mechanism in our case is similar to that proposed for oxidation of Si nanowires when a Au droplet is in direct contact with the Si core. 25 The reaction initially takes place at the Au-oxide interface, consuming Si atoms from the Au eutectic droplet ͑indeed Au silicide͒, which in turn will absorb Si atoms from the underlying Si layer in order to maintain the stoichiometry within the Au-Si eutectic. These Si atoms will therefore be oxidized on top of the Au precipitates at a rate faster than conventional bulk Si oxidation due to the weaker covalent Au-Si bonds compared to Si-Si bonds. 24, 26 The Au has a catalytic effect on the oxidation of Si by effectively replacing Si-Si bonds at the oxide-Si interface with weaker Au-Si bonds. The effect of transporting Si through a Au eutectic precipitate to react with oxygen at the oxide interface causes segregation of the Au ͑silicide͒ particle behind the oxidizing interface. This is not dissimilar to the catalytic role of Au in enhanced oxidation during nanowire growth. 25 A similar explanation for enhanced oxidation has been proposed for the observation of buried Au precipitates in Si after thermal evaporation of Au and annealing in a N 2 ambient containing residual oxygen. 27 However, we note that the effect of Si interdiffusion through Au to enhance oxidation becomes less important with longer oxidation times since the concentration of Si interstitials available from oxidation ͑to directly drive oxidation at the interface͒ increases proportionally to the oxide thickness. Several interesting features indicating Au preferentially wetting the oxide layer are observed in some of our cavitycontaining samples ͑not described in Table I͒ when the growing oxide approaches the BOX. This sample whose crosssectional images are reported in Fig. 6 was oxidized for 6 h at the temperature slightly under 900°C. Incomplete oxidation of the top Si layer is evident under these conditions and, in particular, a few Au precipitates are found to wet on both interfaces when the thickness of the intermediate Si layer becomes sufficiently small, as shown in Fig. 6͑a͒ . Figure  6͑b͒ shows that the Au precipitates originally formed at the thermal SiO 2 -Si interface ͑as can be distinguished from the oxide protrusion due to Au-enhanced oxidation͒ begin to wet the BOX interface when the oxidation of the top Si layer is almost complete. This observation strongly suggests a lower surface free energy of Au-SiO 2 interfaces compared with Au-Si interfaces. 
E. Mechanism
The segregation, dissolution, and precipitation behaviors of Au described in Sec. III D for samples with preformed cavities ͑samples D-G͒ are location dependent. That is, the evolution of Au precipitates initially at the surface due to the wet oxidation process is different from that of the Au precipitates at the cavity band or initially located at the Si-BOX front interface. Our proposed mechanism is summarized in Fig. 7 .
Before wet oxidation but after annealing, we note the presence of Au precipitates in the top 180 nm Si layer at three different regions: ͑1͒ surface, ͑2͒ cavity band, and ͑3͒ BOX interface ͓see Fig. 7͑a͔͒ . The majority of Au is found to decorate the cavity facets as well as precipitate in the cavities, while without a cavity band, all of the Au precipitates are observed in islandlike or lenslike shape at the surface. Let us first consider the Au precipitates at the surface. As the oxidation progresses as depicted in Fig. 7͑b͒ , these Au precipitates are segregated at the thermal SiO 2 -Si interface as reported in an earlier observation. 28 It should be noted that, as a result of the difference in atomic density of Si and molecular density of SiO 2 , the thickness of the thermally grown oxide is approximately twice that of the ͑consumed͒ Si. Concurrently, Si interstitials are liberated during oxidation, generating a flux of interstitials from the thermal oxide toward the BOX. 11 The Si interstitials emitted from the oxidation process, if not annihilated at recombination sites ͑such as voids and dislocations͒, play a crucial role in the dissolution and reprecipitation of Au precipitates. This effect has been suggested and discussed previously 11 and is pronounced when the oxidizing interface approaches the buried Au precipitate band. In particular, these Si injected interstitials will substantially exceed the equilibrium solubility of Si interstitials in the thin Si layer above the BOX at the oxidation temperature of 900°C, and there will be a strong driving force for their annihilation at appropriate sites ͑e.g., cavities͒ or precipitation at preferred sites such as Au precipitates.
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As a result, empty cavities will be filled in and Au will be replaced ͑dissolved͒ from the cavity band. The diffusion of Au in Si and related Au interstitial and substitutional solubility in Si is quite complex, 11, 29, 30 but an overall supersaturation of Au will be the result of Au dissolution and hence there will be a strong driving force for Au to reprecipitate at more favorable ͑lower free-energy͒ sites at the BOX interface, as shown in Fig. 7͑c͒ . Further details of this process are given elsewhere.
Results from the partial oxidation experiments presented in this paper, as well as the experiment to inject the vacancies into the Si layer prior to oxidation, support our proposal for the crucial role of Si interstitials in influencing the Au redistribution behavior. In particular, the surface Au precipitates are found to accelerate the oxidation rate, while the buried Au precipitates ͑at the cavity band͒ remain relatively independent of the oxidation process until the oxide front approaches the cavity band. The preferential oxidation of Si near Au eutectic precipitates is a result of weaker Au-Si bond in the precipitate as compared to a Si-Si bond in the Si lattice. This results in a local decrease in Si concentration in the precipitates as Si liberated from the precipitate oxidizes, which simultaneously leads to a supply of Si from the Si layer underneath in order to maintain the Au-Si eutectic composition in the precipitate ͓see the inset of Fig. 7͑b͔͒ . The supply of Si to the eutectic is favored by the high Si interstitial flux liberated during oxidation. Indeed, the enhanced oxidation process itself removes excess Si interstitials at Aueutectic precipitates and hence reduces the driving force for these precipitates to dissolve through excess Si interstitial precipitation. Thus, the excess Si interstitial flux does not appreciably dissolve Au precipitates at the growing oxide interface but can result in Si interstitial precipitation and dissolution of Au precipitates at cavities when the advancing oxide front nears the cavity band. As a consequence, the surface Au precipitates are effectively segregated ahead of the advancing thermal oxide interface, whereas the isolated Au precipitates in cavities are dissolved. Furthermore, as we indicated earlier, the enhanced oxidation effect of injected Si interstitials, as illustrated in Fig. 7͑b͒ , is in agreement with a proposed model for Au-enhanced oxidation at surfaces of nanowires. 25 In addition, the recent observation 31 that the excess Si interstitial flux is largely confined close to the thermal oxide-Si interface and decreases exponentially with the distance from the growing interface supports our observations and model whereby ͑1͒ the enhanced oxidation is mediated by the supply of Si interstitials to Au precipitates at the thermal oxide-Si interface and ͑2͒ the Au precipitates at the cavity band dissolve from interactions with Si interstitials as the thermal oxide-Si interface approaches the band. Additionally, the experiment to inject vacancies into the Si layer prior to oxidation in an attempt to suppress Si interstitialinduced dissolution of Au precipitates at cavities resulted in partial success ͑somewhat smaller precipitates in SiO 2 with a narrower size distribution͒, thus providing support for our Si interstitial-induced Au dissolution model. Finally, the low solubility of Au in the oxide results in the formation of stable Au precipitates at the Si-BOX interface until they are even- tually encapsulated by the growing thermal oxide in a spherical shape to satisfy the lowest free energy conditions ͓as in Fig. 7͑d͔͒ .
IV. CONCLUSIONS
We have demonstrated the formation of a narrow size and depth distribution of Au nanoparticles in the top Si layer of a SOI wafer by gettering of ion implanted Au to H-implantation-induced nanocavities. A subsequent wet oxidation of the Si containing Au precipitates reveals several intriguing phenomena, including segregation of Au particles, Au-enhanced oxidation, preferential wetting of Au on the buried SiO 2 -Si interface, and the dissolution of Au precipitates at the cavities and reprecipitation at the front interface of the BOX layer due to the influence of a Si interstitial flux liberated during oxidation. In the enhanced oxidation process, Au precipitates play a catalytic role whereby Si is transported across the precipitate to the oxide-Au interface, resulting in segregation of the precipitate behind the advancing oxide interface. Dissolution of Au precipitates, initially at the cavities, is proposed to occur via the interaction and trapping of Si interstitials ͑liberated during oxidation͒ at Au precipitates. At the completion of oxidation, an array of spherical Au precipitates is successfully encapsulated at a precise depth corresponding to the front interface of the BOX layer.
The introduction of vacancies into the Si prior to oxidation is found to suppress Au dissolution to some extent and this results in the smallest size and narrowest size distribution of the Au.
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